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Summary

Certain human hereditary conditions, notably those with
low penetrance and those which require an environmental
event such as infectious disease exposure, are difficult to
localize in pedigree analysis, because of uncertainty in the
phenotype of an affected patient’s relatives. An approach
to locating these genes in human cohort studies would be
to use association analysis, which depends on linkage dis-
equilibrium of flanking polymorphic DNA markers. In
theory, a high degree of linkage disequilibrium between
genes separated by 10-20 cM will be generated and persist
in populations that have a history of recent (3-20 genera-
tions ago) admixture between genetically differentiated
racial groups, such as has occurred in African Americans
and Hispanic populations. We have conducted analytic
and computer simulations to quantify the effect of genetic,
genomic, and population parameters that affect the
amount and ascertainment of linkage disequilibrium in
populations with a history of genetic admixture. Our goal
is to thoroughly explore the ranges of all relevant param-
eters or factors (e.g., sample size and degree of genetic
differentiation between populations) that may be involved
in gene localization studies, in hopes of prescribing guide-
lines for an efficient mapping strategy. The results provide
reasonable limits on sample size (200-300 patients),
marker number (200-300 in 20-cM intervals), and allele
differentiation (loci with allele frequency difference of >.3
between admixed parent populations) to produce an effi-
cient approach (>95% ascertainment) for locating genes
not easily tracked in human pedigrees.

Introduction

The combination of DNA polymorphisms, pedigree anal-
yses of clinical expression, and positional cloning has led
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to recent discoveries of several human genes responsible
for debilitating hereditary diseases. These dramatic find-
ings, spurred by developing technology for reading ge-
nomes, have led to the Human Genome Project, which
includes among its stated goals the identification of the
several thousand inherited disorders recognized in man
(McKusick 1991). The vast majority of disease genes rec-
ognized to date have been located using family studies
where phenotypic transmission patterns have narrowed
genomic positions on the basis of linkage analysis with
DNA marker loci. There exist, however, a large number of
more complex heritable characters that are not amenable
to pedigree analysis, because of incomplete penetrance, ge-
netic heterogeneity, or the requirement for an environ-
mental component for phenotypic ascertainment. The lat-
ter category would include genes involving talent (requir-
ing training), psychological alterations such as alcoholism
(requiring alcohol consumption), or resistance to infec-
tious diseases (requiring exposure). The diagnostic pheno-
type for such characteristics can be sporadic and refrac-
tory to phenotypic recognition in parents and offspring of
affected individuals. For example, a group of hepatitis B-
infected patients who develop neither hepatitis nor liver
cancer in their lifetime might share a common “resistance
gene” that could be scored only in relatives also exposed
to hepatitis B virus (Beasley et al. 1981). This restriction is
the reason why so few human loci that require an environ-
mental component have been identified, while they cer-
tainly must exist, since several dozen such genes are iden-
tified in animal gene maps (O’Brien and Evermann 1988;
Kozak 1993).

To address this difficulty as well as to increase the infor-
mation content of patients with rare diseases in the ab-
sence of available family data, association analysis based
on linkage disequilibrium with DNA markers has been ex-
plored theoretically (Nei and Li 1973; Lander and Botstein
1986; Chakraborty and Smouse 1988; Chakraborty and
Weiss 1988; Risch 1992; Briscoe et al. 1994). Indeed, sig-
nificant linkage disequilibrium has been influential in iden-
tifying mutations responsible for several human hereditary
diseases, including cystic fibrosis, Huntington disease, dia-
strophic dysplasia, and diabetes (Todd et al. 1988; Kerem
et al. 1989; Hastbacka et al. 1992; Huntington’s Disease
Collaborative Research Group 1993). In spite of these ad-
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vances, linkage disequilibrium is not widely employed as a
mapping tool, primarily because it is rather uncommon in
human populations over linkage intervals >1.0 cM
(Bodmer 1986). The occurrence of three major causes of
linkage disequilibrium (recent mutation, founder effects,
and epistatic selection) is thought to be rare, and accumu-
lated disequilibrium decays rapidly (within a few genera-
tions) except for very tightly linked loci (Weir 1990). This
means that a comprehensive human mapping screen pred-
icated on linkage disequilibrium would require an ex-
tremely high-resolution linkage map of 3,000-4,000 mark-
ers spaced at ~1-cM intervals along the 3,200-cM human
genome.

In an effort to enhance the power of linkage disequilib-
rium for detecting linkage, several authors (Chakraborty
and Weiss 1988; Risch 1992; Briscoe et al. 1994) have de-
veloped an approach that emphasizes a fourth cause of
linkage disequilibrium, recent admixture of genetically di-
vergent populations, as a possible strategy to detect ge-
netic linkage. The method takes advantage of the tendency
of isolated populations to diverge from each other in the
polymorphic allele frequencies at homologous loci. When
two populations that have been isolated for a long period
connect and exchange genes, the difference in allele fre-
quencies produces appreciable linkage disequilibrium. The
amount of disequilibrium generated between pairs of loci
depends on the difference between allele frequencies in the
two populations (8) and does not require actual linkage, so
unlinked and linked loci both produce temporary linkage
or “gametic” disequilibrium. The decay of gametic dis-
equilibrium among unlinked genes is rapid (within 2-4
generations), but disequilibrium between linked genes de-
cays more slowly. The method of mapping by admixture
linkage disequilibrium (MALD) exploits the differential of
gametic disequilibrium between linked versus unlinked
genes.

In order to determine actual limits for the feasibility of
MALD in available human populations, we first identify
the parameters that would influence the extent and persis-
tence of admixture linkage disequilibrium (ALD) in re-
cently admixed populations such as have occurred because
of human migration to the New World within the past few
centuries (Briscoe et al. 1994). The effect of these parame-
ters (listed in table 1) on linkage ascertainment is modeled
here by analytic and computer simulations that approxi-
mate realistic situations of human genetic analysis and dis-
ease cohorts. The simulations demonstrate the feasibility
of MALD in detecting linked genes in the absence of fam-
ily data and quantify the influence of (1) 6, the recombina-
tion distance between markers and disease locus; (2) m,
the fraction of genetic admixture; (3) g, generation time
since admixture; (4) 8, the difference in homologous allele
frequencies in admixed populations; and (5) N, sample size
of patient cohorts that is required to resolve linkage. The
simulation results provide practical guidelines for mapping
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genes by using affected patients from recently admixed
populations (3-15 generations since initial admixture) and
by selecting loci, at 10-20-cM intervals, that have maximal
divergence between the initial populations.

Simulation Model Overview

Two general categories of simulations were performed.
The first group, models Ia and Ib, takes a genomewide ap-
proach to admixed populations that undergo random mat-
ings for 15 generations. The models presume a simple sce-
nario of admixture in which genetically differentiated pop-
ulations fuse with random matings thereafter. Ia and Ib are
largely deterministic and illustrate the dynamics of linkage
disequilibrium across a genome over 15 generations. The
second simulation set, models Ila and IIb, examines the
potential for linkage disequilibrium ascertainment over a
60-cM chromosomal segment in an admixed population
of 5,000 individuals. Model Ila tests for the effects of 6, g,
N, and 8 on the detectability of ALD over background
(table 1). Both categories of simulations were designed to
approximate actual situations of patient cohorts, available
genetic markers, and human genome structure. We also
address in model IIb the effect of continuous admixture
between parental populations over several generations, a
situation more reflective of human population admixture
natural histories.

Linkage Disequilibrium over the Genome after Equal
Admixture of Genetically Differentiated Populations:
Model |

The first model considers the pattern of differential per-
sistence of ALD following fusion and gene flow between
two previously isolated, panmictic, and genetically differ-
entiated populations of equivalent size. The initial level of
linkage disequilibrium, Dy, in a population formed by ad-
mixture between two genetically differentiated popula-
tions, depends primarily on the allele frequency differences
between the founding populations (Chakraborty and
Smouse 1988; Briscoe et al. 1994):

Dy = m(1—m)3,0z, (1)

where 8, is the difference in allele frequency at locus A, 8
is the difference in allele frequency at locus B, and m and
(1—m) are the fractional contributions of the two found-
ing populations. In this formulation, we have assumed that
the loci are in linkage equilibrium in each founding popu-
lation. Subsequent levels of disequilibrium would depend
on the recombination frequency between loci, the number
of generations after the initial admixture, and the level of
further genetic contact with the founding populations.
The assumptions and parameters (fixed and variable)
prescribed by model Ia are listed in table 1 and are as fol-
lows: First, 100 diallelic codominant autosomal loci were
distributed randomly among 22 autosomes of total genetic
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Parameters That Influence the Amount, Persistence, and Detectability of Linkage Disequilibrium in an Admixed Population:

Simulation Values in Text Models

Model 1 Model II
a b a b

Genome parameters:

NO. Of AULOSOMES ...ecevereurerrereerereresrsannene 22 22

Relative chromosome size ... Per human Per human

Length of genome (cM) ...coevevccrennnnens 2,500 2,500

No. of loci typed 100 100 5 5

Recombination distance, (0) ................... 0-50 0-50 0-40° 0-40*
Population parameters:

Population size Infinite Infinite 5,000 5,000

F, of admixture at generation i, m .......... my=.5m=0 my=.5;m =0 my=.5m=0 Mmy=...=m;=0=

.03, .05, .07;
mg = My = 0

No. of generations since admix, g ........... 0-15 0-15 0-9 2-9

No. of individuals sampled, N .... Deterministic Deterministic 50, 100, 200, and 300 50, 100, 200, and 300
Genetic parameters:

Transmission modality .........cceeeevrreuerenene Codominant Codominant Codominant Codominant

Allele frequency 0-1.0 0-1.0 0-1.0 0-1.0

18] = 1f(A) = flAn)| corvereerrerenerreencaseneenne 0-.2 2-1.0 .1,.2,.3,and 4 .1,.2,.3,and 4
Simulation parameters:

No. of simulation replicas 1 1 1,000 1,000

Stringency of significance .05 and .01 .05 and .01

Method of disequilibrium D’ D x v

# 0 values in simulation Il include B-X distances of 1,2, 3, . . . 10 cM (see fig. 3), thereby covering 19, 18,17, . .. 10 cM for the X-C distance, 21, 22,
23,...30 cM for the A-X distance, and 39, 38, . .. 30 cM for the X-D distance. The combination of X and the other four loci therefore spans 0-40

cM, in 1-cM units (see text).

length 2,500 cM. Chromosome lengths are proportionate
to human autosomes, as calculated elsewhere (Stephens et
al. 1990). The average spacing between consecutive loci is
somewhat greater than 25 cM because of the division of
the genome into 22 autosomes. _

Second, the allele frequencies in one founding popula-
tion, e.g., flA;), were uniform random variables chosen
from 0-1.0. Third, the magnitude of & for each locus, |§|
= |flA;) — flAu)|, was chosen as a uniform random vari-
able from 0-.2. Note that the assumption of a fixed upper
limit for || reflects that the founding populations have
some maximum level of divergence for the test loci.

Fourth, the gene frequency in the second founding pop-
ulation—here, f{A;;)—was chosen by randomly adding or
subtracting |8| from the other founder’s frequency,
flAy)=flA))£|8|. If this produced a frequency outside
[0,1], then the opposite was performed. For instance, if
flA;) = 9 and |8] = .2 and had addition been chosen,
leading to f{Ay) = 1.1, subtraction would be substituted,
flAy) = .7. In this way the actual & values were equally
likely to be positive or negative. However, for convenience
we will refer to 8 values in all that follows as if they were
strictly positive. This convention follows from the symme-
try of diallelic systems: we can always choose the allele
whose frequency is higher in population I.

Finally, the admixed population was initiated by equal
input (m=.5) from the two founding populations, with
random mating within the admixed population for 15 gen-
erations thereafter. This model is meant to approximate a
human genome admixture RFLP screen with markers
spaced, on the average, 25 cM apart, with a rather conser-
vative limit of § <.2.

Linkage disequilibrium for all pairwise comparisons
among the 100 loci was computed for each generation of
the simulation. Both D, the conventional measure of link-
age disequilibrium,

D = fap — fufss

2)

and D/, the absolute value of Lewontin’s (1974) measure
of proportionate disequilibrium,

D' = |D/Duaxl,

3)

were computed. In equation (2), f4 is the frequency of the
AB gamete, and f, and f; represent the frequencies of al-
leles A and B, respectively. In equation (3), D,,, is the max-
imum value of D for a set of gene frequencies: min
[fa—fs), fs(1—fa)]if D > 0, and —min[f,fs, (1—faX1—15)]

if D < 0. Because of the influence of initial allele frequency



. Pairwise D' values, 5 <0.20
Generation 0 Generation 6

Generation 3 Generation 9

Pairwise D' values, 5.> 0.20
Generation 0 Generation 6

Generation 3 Generation 9

Go G3 Gé G9

‘D'£0.25 D' £0.031 D' <0.0039 D' £0.0005

0.25<D'<0.50 0.031 <D'<0.063 0.0039 < D' <0.0078 0.0005 <D'<0.0010
0.50 <D'<0.75 0.063 <D'<0.094 0.0078 <D'<0.0117 0.0010 <D'<0.0015
0.75<D'<1.00 0.094 <D'<0.125 0.0117 <D'£0.0156 0.0015 < D' <0.0020

. - 0.281 <D’ 0.0351 <D* 0.0044 < D'
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on D values, we used D' to evaluate disequilibrium be-
tween linked versus unlinked genes across the genome.

Of the 4,950 pairwise comparisons for 100 loci dis-
persed over the 2,500-cM genome, 162 pairs were linked
(i.e., 8<.50), and 4,788 were not. The extent of gametic
disequilibrium, estimated by D’ at generations 0, 3, 6, and
9 is illustrated from five representative simulations in figure
1. Loci have been put into their known order, starting with
the most telomeric locus on 1p, proceeding through each
autosome to the last locus on chromosome 22. Hence,
comparisons between linked loci fall on or near the
diagonal.

In generation 0, gametic disequilibrium is evident be-
tween both unlinked and linked loci. In subsequent gener-
ations the disequilibrium between unlinked genes (“back-
ground”) will be reduced by %2 each generation (Chakra-
borty and Weiss 1988; Briscoe et al. 1994). By generation
6 the highest D’ values occur primarily between linked
genes; by generation 9 the differential is even more appar-
ent. In table 2, we examined the efficiency of D’ to identify
linked marker pairs within discrete centimorgan intervals
in the context of the model Ia simulation. By generation
6, 46% (50/109) of markers separated by 0-30 cM were
detectable above background, and by the 10th generation
80% of markers <30 cM apart and 91% of markers <20
cM apart were detected by a D’ value above the D,y —uni
produced by unlinked markers (D}.x—uns; table 2). The re-
sults of model la (upper panels of fig. 1; table 2) illustrate
the trend, over the entire genome, for the persistence of
linkage disequilibrium of loosely linked genes (recall that
the average distance between markers is 25 cM), relative
to the background of unlinked genes. The differential is
pronounced after about six generations following admix-
ture between two populations whose gene markers are
only modestly differentiated (8<.2).

In model Ib, we intentionally increased our efficiency
for ascertainment of D' (and thereby linkage) by increasing
& values between the admixing populations by using an
exponentially decreasing distribution from .2 to 1.0. In all
other respects, models Ia and Ib are similar. The results of
the simulations are illustrated in the lower panels of figure
1 and are tabulated in table 3. As expected (eq. [1]), the
initial D’ values are higher than with lower 8 values em-
ployed by model Ia (compare generation 0; upper vs. lower
panels of fig. 1); however, the elevated D’ values (relative
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t0 Dipax—uni) accumulate rapidly along the diagonal in sub-
sequent generations, identifying disequilibrium between
linked genes over the background of unlinked locus pairs
(lower panels of fig. 1). Many pairs of linked genes are de-
tectable by generation 3, and all pairs of linked loci with 6
< .30 are detectable by seven generations after admixture
(table 3). Even loci with .3 < 0 < .4 are detectable by 10
generations. Thus we conclude that choosing loci with
large & values greatly enhances the efficiency of detection,
at least for the current simplistic scenario.

The simple model of admixture in model I is the same
as that explored by Chakraborty and Smouse (1988) and
Chakraborty and Weiss (1988). Our detection criterion,
that D' be >Dip,—un at some generation after the initial
admixture event, is amenable to an explicit solution. First,
consider that as long as Dj > 0 and 0 < .5, linkage would
eventually be detected in this idealistic scenario. We can
solve for the generation at which linkage becomes detect-
able as g4, = —In(Dp)/In[2(1—0)]. Thus, detectability de-
pends entirely on Djand 6. In turn, D) depends on 3 values
and the allele frequencies. D’ values will always be larger
than the corresponding D values but generally will not be
very high unless the allele frequencies are noncentral and
disparate (D>0) or similar (D<O0). In the left panel of figure
2, we show Dj values corresponding to 84 = 8z = .10 and
the full range of allele frequencies for both loci. In the right
panel of figure 2, we show the upper limit of 0 that would
be detectable by a certain generation, as a function of Dyj.
Detectability rises sharply as Dy increases, such that even
loose linkage (6>.20) would be detectable in three to nine
generations.

Model I: Using Polymorphic Human Loci

In the paper that accompanies this one (Dean et al.
1994 [in this issue]), we report the allele frequencies in
four human ethnic groups (Caucasian, African Ameri-
can, Chinese, and American Indian) for 257 polymor-
phic DNA markers. The linkage relationship of each of
these loci was estimated from the human framework
map (NIH/CEPH Collaborative Mapping Group 1992)
or from their cytogenetic position relative to adjacent
loci included on the human linkage map (Dean et al.
1994). In all there were 479 locus pairs that were linked
at <30 cM and 189 pairs at <10 ¢cM. The distribution
of 3 values between Caucasians and African Americans

Figure |

Amount of linkage disequilibrium (estimated by DY) between pairwise combinations of 100 loci dispersed on 22 autosomes of a 2,500-

cM genome (model I). The upper two panels show model Ia, 8 < .2. Simulation parameters are listed in table 1. Typed loci are arranged in a linear array
along the 22 autosomes as delineated by chromosome numbers along the diagonal. In generation O there is considerable disequilibrium between
unlinked loci because of admixture, dictated entirely by 8 values of the loci (eq. [1]), and there is no tendency for larger D’ values to fall near the
diagonal. Disequilibrium between unlinked loci decays by 50% each generation, while the disequilibrium between linked genes persists (Chakraborty
and Weiss 1988; Briscoe et al. 1994). This conclusion is evident by the concentration of higher D’ values at or near the diagonal, by generation 6. Note
that the scale of D' decreases with increasing generation. In this way, the pattern of “background” values for unlinked genes is frozen in contrast to
that of linked genes. As are shown in the lower two panels, simulation conditions for model Ib are identical to those of Ia, except .2 < 8 < 1.0 (see

text).



Table 2

Detectability of Linkage as a Function of Generations Elapsed since Admixture (3 < .20)

NoO. DETECTED AS I > D/pax—unt WHEN 0 = DETECTION
CRITERION
.0-.1 1-2 2-3 3-4 4-5 D' > Dipax—unl®
Generation:

0 0 0 0 0 1.000000

0 0 0 0 0 .500000

0 0 0 1 0 .250000

3 0 0 1 0 .125000

9 4 2 1 0 .062500
13 12 5 2 0 .031250
24 19 7 3 0 015625
30 25 15 4 0 .007813
33 28 16 5 0 .003906
34 31 16 8 0 .001953
36 35 16 8 0 .000977
37 35 18 9 0 .000488
38 36 21 11 0 .000244
38 38 22 12 0 .000122
38 38 25 14 1 .000061
38 39 27 17 1 .000031
38 40 31 30 23

2 Theoretical maximum D' for unlinked genes. For unlinked enes, D’ decays by 5 each eneration, so D' values above this maximum would indicate
Ilnkage of the two markers.

Table 3
Detectability of Linkage as a Function of Generations Elapsed since Admixture (5 > .20)
NoO. DETECTED AS D' > D px—unt WHEN 0 = DETECTION
CRITERION
.0-.1 1-2 2-3 3-4 4-5 D' > Dipax-unl®
Generation:
0 0 0 0 0 1.000000

12 5 3 6 7 .500000
20 9 7 10 7 .250000
33 20 10 13 7 .125000
37 26 21 16 7 .062500
38 29 24 21 8 .031250
38 29 26 21 8 .015625
38 29 27 23 8 .007813
38 29 27 27 9 .003906
38 29 27 29 12 .001953
38 29 27 30 15 .000977
38 29 27 30 18 .000488
38 29 27 30 19 .000244
38 29 27 30 19 .000122
38 29 27 30 19 .000061
38 29 27 30 19 .000031
38 29 27 30 27 e

? Theoretical maximum D’ for unlinked genes. For unlinked genes, D’ decays by %2 each generation, so D’ values above this maximum would indicate
linkage of the two markers.
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Figure 2 Left panel, Range of possible D' values when 8 = .10, as a function of allele frequencies (in the admixed population) at locus A and
locus B. Right panel, Maximum 0 for which linkage will be detectable by generation g, as a function of Dj. Curves forg = 3, 6,9, 12, and 15 are shown.
Admixture scenario of model I parameters is assumed.

revealed that 36% (93 loci) had & = .2. (This value is  4). The results, which are comparable to the theoretical
likely an underestimate of African-Caucasian 8, since  values of tables 2 and 3, show that we would detect 254
our sample included only African Americans.) (53%) of the 479 pairs linked at <30 cM by generation 6.

We used these actual human values of £, 3, and 0 to  Of 338 pairs linked at <20 cM, 216 pairs (64%) would
predict the detectability of these linkage relationships by ~ show elevated linkage disequilibrium in the African Amer-
MALD, assuming the admixture scenario of model I (table  ican population by generation 6.

Table 4

Detectability of Linkage as a Function of Generations Elapsed since Admixture

No. DETECTED WHEN 0 = DETECTION
CRITERION
.0-.1 1-2 2-3 3-4 4-5 D' > Dipax—unl
Generation:

0 0 0 0 0 1.000000

0 0 0 0 0 .500000

S 6 0 0 0 .250000

37 14 3 1 0 .125000

77 33 6 1 0 .062500

110 53 18 4 0 .031250

140 76 38 16 0 015625

161 95 57 26 0 .007813

172 111 76 38 0 .003906

180 124 88 48 0 .001953

184 132 97 57 0 .000977

188 136 102 70 0 .000488

188 139 105 77 0 .000244

188 139 112 88 2 .000122

189 144 115 95 6 .000061

189 147 118 102 7 .000031
189 149 141 161 96

NoTE.—Data are based on actual human loci with ® < .50 and measured § between Caucasian and African American population samples (Dean et
al. 1994).
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A B X C D
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e
Figure 3 Five-locus haplotype model for a 60-cM region of the

genome where a disease marker, X, is located at a distance 0 from locus
B. A, B, C, and D are codominant DNA markers, and X is the disease
locus. Model Ila (see text and table 1) uses this map to simulate an ad-
mixed population of 5,000 individuals with varying values for N, 0, f, 8,
and g. For model Ila, equal admixture (m=.5) followed by random mating
for nine generations is simulated. For model IIb, gradual admixture each
generation (m=.03, .05, and .07, per generation) until two generations
prior to the sampled generation is assumed (see text).

Model Il: Measuring Empirical Limits for 6, 8, g, and N by
Using MALD

To evaluate the influence of genetic and population pa-
rameters on the efficiency of MALD to detect a disease
locus, we employ the five-locus haplotype model illus-
trated in figure 3. In this model four polymorphic diallelic
RFLP marker loci-A, B, C, and D-are separated by 20-cM
intervals without interference, and the disease marker, X,
is located between marker B and C at a set distance 0
(range 1-10 cM) from locus B. For each simulation fixed
values for 0, 8, g, and N are assigned (table 1 lists the actual
values) and tested using a population admixture model in
the following manner. For model Ila, an initial population,
atg = 0, of 5,000 individuals (10,000 gametes) was derived
from an equal admixture (m=.5) of two populations, fol-
lowed by random mating for nine generations. The allele
frequencies of the five loci in the founding populations
were determined by a uniform random distribution 0-1.0,
as in model I, and all loci were considered to be in linkage
equilibrium in the founding populations. The 8 between
the two populations was set at a specific value for all five
loci in each simulation, as was the sample size, N, and the
B-X distance, 0 (table 1). For each simulation the initial
five-locus haplotype frequencies were determined; a sam-
ple of individuals was selected; the population was re-
placed under the assumption of random mating with re-
combination; and the population was sampled again. The
process was repeated for every generation (up to nine), and
the simulation was replicated 1,000 times under each set
of parameter combinations (8, N, and 0; see table 1). The
statistical significance of disequilibrium between all pairs
of loci was monitored by calculating x> = ND?/
[fa(1—fa)fs(1—f3)], where f4 and fp are the frequency of
alleles at two test loci, in this case, A and B. The %? value
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has an approximate % distribution with 1 df for diallelic
loci (Weir 1990).

An important goal of our analysis was to test the effi-
ciency of detecting true linkage of X with linked DNA
markers while simultaneously estimating the frequency of
“false-positives.” “False-positives” can be derived from re-
sidual ALD of unlinked markers that has not yet decayed
following admixture and from statistical expectations of a
rare fraction of significant results (depending on the level
of significance or P value selected) detected in large sample
sizes (Schweder and Spjotvoll 1982; Gilbert et al. 1990).
The inclusion of A-D disequilibrium values provides a con-
trol for the extent of these in all simulations, since A and
D are 60 cM apart (effectively unlinked). Further, the use
of the five-locus model (fig. 3) permits not only the assess-
ment of closely linked loci (B vs. X) but also simultaneous
detection of more loosely linked loci (C to X, A to X, and
D to X), providing a complete picture of X’s linkage at 0
values of 1-39 cM. Finally, an important advantage to the
five-locus simulation strategy is that it allows us to measure
the concordant linkage disequilibria of two or more loci
with the disease locus, because A, B, C, and D are all linked
to X, albeit at different 0 values (fig. 3).

To illustrate the rapid decay of “gametic disequilib-
rium” between unlinked genes (A-D) relative to linkage
disequilibrium for linked loci in admixed populations, we
present in figure 4 simulation results for 8 = .4,0 = 10 cM
from B, N = 300,and m = .5. Since 8 and N are fairly large,
conditions are favorable for the detection of X’s linkage to
B, and, indeed, the frequency of detection is relatively high
for at least five generations after the initial admixture
event. However, for at least two generations after the ini-
tial admixture event, the level of false-positives would also
be unacceptably high, as judged by the number of times
that markers A and D are in significant disequilibrium with
each other. At three generations or beyond, the level of
false-positives drops to <20%, and we see that the more
stringent criterion (P<.01) dramatically reduces this level
relative to the more relaxed criterion (P<.05). A summary
of the incidence of A-D disequilibrium (for unlinked loci)
detected in simulations over different ranges of 8, N, and
P is presented in table 5. For empirical study design, these
results (fig. 4; table 5) emphasize that the first few genera-
tions after admixture would be too soon to use MALD for
linkage detection, because of nonspecific “gametic dis-
equilibrium” between unlinked loci.

Our five-locus strategy allows us to examine simulta-
neously linkage disequilibria for four loci, each with different
0 intervals from X. In the top panel of figure 5, we show the
distribution of specific outcomes for the 1,000 replications
of the conditions used in figure 4 (§=.4; N=300; g=3; 6=10
cM). That is, the top panel of figure 5 shows the number of
times, in 1,000 simulations, that significant ALD with X was
detected for specific loci (A, B, C, or D), specific locus pairs,
specific triplets, or all four loci simultaneously. The highest
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Generation

Number of simulation replications (of 1,000) with significant ALD. Two curves (labeled “10cM”) show this value for a B-X distance

of 8 = 10 cM, as a function of g for high (P<.01) and low (P<.05) statistical stringency. Likewise, two curves (labeled “SOcM”) show this value
(between unlinked markers A and D) as a function of g, for high and low stringency. Model Ila simulation conditions with 8 = .4 and N = 300 were

used.

values were evident with B or C, and the concordant ALD
with both B and C was only 10% lower than single-locus
ALD. This result emphasizes the power of MALD to identify
two linked marker loci with a disease locus as an indicator of
linkage. Increasing the statistical stringency (to P<.01) results
in a decrease in detected disequilibria across all categories,
but the categories involving A or D are dropped more dra-
matically than other combinations.

Table 5

In fact, it may be more useful to focus on the genomic
interval, rather than on the specific markers. Noting that
all four markers are, in fact, linked to X, we can ask
whether at least one, two, three, or all four markers at
once are in disequilibrium with X. These results are illus-
trated in the bottom panel of figure 5. We see that the
criterion requiring at least one of the four markers to be in
significant (P<.05) disequilibrium with X detected linkage

Frequency (%) of False-Positives (Significant Linkage Disequilibrium between Markers A and D)

Low STRINGENCY (P<.05) FOR N =

HIGH STRINGENCY (P<.01) FOR N =

50 100 200 300 50 100 200 300

Generation 3:
6=2.... 5.37 5.44 6.63 7.31 1.14 98 1.46 1.92
d=3..... 5.87 6.83 9.16 10.96 1.10 1.78 2.49 3.55
d=4... 6.74 9.69 14.62 18.93 1.70 2.78 4.55 6.84

Generation 6:
6=2.... 5.03 5.35 5.88 5.97 .87 1.09 1.37 1.37
=3 5.64 5.62 6.35 6.46 1.16 1.13 1.38 1.58
d=4.... 5.06 5.38 6.77 6.55 1.07 1.02 1.74 1.55

Generation 9:
§=2.... 5.38 5.55 5.72 6.16 1.01 1.33 1.30 1.40
§=3 ... 5.21 5.69 6.14 6.27 1.22 92 1.37 1.26
d=4.... 5.26 5.29 5.84 5.82 1.03 96 1.37 1.30
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4 f

Number of simulation replications (of 1,000) with significant ALD under different detection strategies. Model Ila simulation condi-

tions with 8 = .4, N = 300, g = 3, and the B-X distance 0 = 10 cM were used. Top panel, Replications in which no markers; at least markers A, B, C,
or D; atleast Aand B, Aand C, . . . ; or all four markers were in statistically significant disequilibrium with X. Results under two statistical stringency
levels are shown. Note that categories are not all mutually exclusive (e.g., category A includes ABCD and may overlap with other categories). Bottom
panel, As in the top panel, but without identifying a specific marker from the A-D region. Hence, categories are at least one, at least two, at least three,

or all four markers in significant ALD with X.

to X in >95% of the simulations. Furthermore, increasing
the stringency (P<.01; 94.3%) or requiring disequilibrium
(low stringency) with any two markers (90.4%) worked al-
most as well. We have shown (fig. 4) that an increased strin-
gency will cut down on the number of false-positives, and
we expect that the demand for concordance of two or
more markers will likewise reduce this number. Perhaps
disappointingly, it does not appear that demanding in-
creased concordance (three or more markers simulta-
neously) would be an efficient criterion for detecting link-
age, at least under the map density modeled in figure 3.

The results of several selected sets of simulation condi-
tions are illustrated in figure 6. We plot the number of
simulation runs (of 1,000) for which significant linkage dis-
equilibrium (at high [P<.01] and relaxed [P<.05] statistical
stringency) is detected between X and the four linked
markers, in figure 3, as a function of 6; the latter varies, for
each simulation, by 1 cM, at increasing intervals from the
B marker locus. The results of a rather ideal (and optimal
for MALD) scenario in the upper-left panel of figure 6 con-
sider a population of 5,000 at generation 3, after equal
admixture (m=.5), where 8 = .4 for each locus, the sample
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Simulation results under four representative combinations of simulation conditions. Results for four tests (BX=at least marker B in

significant ALD with X; and BC=both B and C in significant ALD with X) are shown. In addition, the AD curve shows the number of times the
“unlinked” markers A and D were in significant ALD. Upper-left panel, N = 300; 8 = .40; g = 3; P < .01. Upper-right panel, N = 200; 8 = .40,g = 3, P
< .01. Lower-left panel, N = 300; & = .20; g = 6; P < .05. Lower-right panel, N = 200; 8 = .20; g = 9; P < .0S.

size N = 300 patients, and the stringency is high (P<.01).
In this example, detected linkage disequilibrium between
the disease locus, X, and the B marker, ranges from 93% to
48% as a function of 0, while unlinked genes (A-D) display
disequilibrium 6%-8% of the time. If we ask how fre-
quently one or more of the linked markers are in disequi-
librium with X, the value approaches 98% and, impor-
tantly, is largely independent of 0. This means that MALD
under ideal conditions (§=.4; N>300; g=3) is close to
100% effective in linkage ascertainment with markers
spaced 20 cM apart, even at high stringency (P<.01). The
two loci closest to X (B and C) are botb in linkage disequi-
librium with X 42%-56% of the time. At least two of the
four linked markers simultaneously display linkage dis-
equilibrium with X 65%-70% of the time and again appear
unaffected by the actual position of X between B and C.
We have simulated a variety of different starting param-
eters of §, N, g, 0, and P, most of which show less efficiency

than under the ideal conditions, in the upper-left panel of
figure 6. In all, we examined 2,880 sets of simulation con-
ditions, (4 N values, 4 8 values, 10 0 values, 9 generations
after admixture, and 2 P values; see table 1). In the upper-
right panel of figure 6, the starting parameters were identi-
cal to those in the upper-left panel, except sample size, N
= 200 patients. In this case the detection of B-X linkage
decreases from 81% to 30% as the B-X distance increases
from 1 to 19 cM. Nevertheless, with a sample of 200
affected individuals, 88%-90% of the time, at least one
marker displays disequilibrium, and two markers are in
disequilibrium 40%-45% of the time, regardless of the po-
sition of X relative to Band C. In fact, both B and C would
simultaneously be in disequilibrium ~25%-30% of the
time, compared with ~3%-4% of unlinked genes (A-D) at
the high level of statistical stringency (P<.01).

In all the simulations, the parameter that had the largest
effect on ascertainment was 8 between marker and disease



820

Table 6

Efficiency of ALD (% Detection) to Map Genes in Populations

1 LocusIN ALD
WITH X 2 LociN
No. oF ALD witH X
PATIENTS P< .05 P<.01 (P<.05)
100 78-86 49-59 38-44
200 95-98 81-89 73-76
300 99-100 93-97 89-92
100 38-72 13-44 7-12
200 56-90 28-75 16-22
300 71-97 41-89 23-28
100 26-30 6-9 2-4
200 36-41 12-15 6-8
300 45-50 18-23 9-13
100 21-29 5-7 1-3
200 26-35 7-13 2-6
300 31-42 10-17 4-8
100 59-75 27-48 17-24
200 81-92 53-77 40-44
300 91-98 71-92 59-63

loci, as would be expected from equation (1). For example,
in the lower-left panel of figure 6, when 8 = .2, N = 300, g
= 6, and P < .05, the B-X pair is detected in MALD only
30% of the time when the B-X distance is 1 ¢cM, and this
drops to 10% at 19 cM. Nevertheless, at least one of the
four markers is significantly in disequilibrium 40%-47% of
the time, and again this result is largely independent of the
position of X relative to B or C. A lower limit of the
MALD parameters is presented in the lower-right panel of
figure 6. In this simulation (6=.2; N=200; g=9; and
P<.05), 25%-35% of the time at least one marker locus
shows disequilibrium with X, and this is under relaxed sta-
tistical stringency (P<.05).

Our results emphasize the utility of two primary test
criteria for detecting linkage disequilibrium of disease
gene X with the genomic interval represented by loci A,
B, C, and D (fig. 3): (1) high stringency (P<.01) signifi-
cance of the disequilibrium between X and at least one
marker; and (2) low stringency (P<.0S5) significance of
the disequilibrium between X and two or more markers.
In table 6 and figure 7, we summarize all the results for
the entire range of parameters, on the basis of these two
test criteria. As expected, the efficiency of detection im-
proves as either sample size or § increases. This conclu-
sion holds as long as g = 3, and for both test criteria
shown in figure 7. The results shown in figure 6 suggest
that both of these test criteria would be relatively insen-
sitive to the actual 0 value, except for test 1 in late gen-
erations (fig. 6, lower-right panel). For both tests, the
efficiency of detection drops as the number of genera-
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tions increases, although more severely for the two-lo-
cus test than for the single-locus test.

Continuous Infusion of Genes in an Admixed Population:
Model lib

We have considered so far an idealistic model of admix-
ture that is suited to an experimental setting but that has
only limited relevance to natural populations. Many spe-
cies, including humans, are not amenable to an experimen-
tal manipulation of this sort but may nonetheless have a
history of recent admixture that may be favorable for gene
mapping studies. The admixture model used in our simu-
lations can easily be generalized by the following modifi-
cations. First, consider that at generation 0, a parent pop-
ulation receives a fraction (m,) of its genomes from an in-
trogressing population. In our previous examples, m, = .5
in generation 0, and m; = 0 for subsequent generations. In
model IIb, we set 7; to some specified value (a) for each
generation so that the sampled population at generation g
has its original genetic composition reduced to (1—a).

For various human groups, particularly in the New
World, admixture has occurred in the past several hundred
years, or 10-20 generations. Current estimates suggest that
~30% of the gene pool of African Americans is of Euro-
pean origin (Chakraborty 1986). We have used a simple
scenario of admixture in whichmy=m, =...=m, =«
and mg = my = 0, to model a hypothetical sample from the
African American gene pool. In this model, it is assumed
that European haplotypes were introduced into the Afri-
can American gene pool at a rate of o per generation for
the first eight generations (~120-160 years). We know
from models I-Ila that linkage disequilibrium between un-
linked genes will compromise efforts to detect linked
genes, especially within the first two or three generations
after admixture. Therefore, we have restricted our hypo-
thetical sample to individuals who have no Caucasian par-
ents or grandparents (mg=my=0), a condition that would
be incorporated in MALD patient cohorts.

The steady rate of introduction of Caucasian genes dur-
ing the first eight generations suggests that the remaining
proportion of African genes will be (1—a)®. In model IIb,
we have tested three values of a (.03, .05, and .07) corre-
sponding to values of 22%, 34%, and 44%, respectively,
for the frequency of genes of European origin in the Afri-
can American gene pool. We assumed that a map of
marker loci exists, each locus with 8 of .40, and that the
gene being mapped (X) also has a & of .40. Under this
model, all sampling occurs at generation 9.

Figure 8 and table 6 show results obtained for model
IIb, tests 1 and 2. Both tests have reasonable efficiencies of
detection as long as the sample size is =200, with great
improvement as sample size increases. The considerable
overlap among the three curves suggests that there is very
little effect of the precise a value, at least compared with
the effect of sample size. The stringency of ascertainment
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Summary of results under model Ila. Left panel, Results under test 1: at least one marker in significant ALD with X, under high

stringency (P<.01). Right panel, Results under test 2: at least two markers in significant ALD with X, under low stringency (P<.05). Error bars indicate

the observed range of values as 0 varies from 1 to 10 cM.

has a marked effect in this scenario, because at low strin-
gency there is appreciable “false-positive” A-D linkage dis-
equilibrium (table 7). These results imply that MALD has
appreciable power to detect linkage over 20-cM intervals
in recently admixed human populations specifically se-
lected to exclude patients with parents or grandparents
from the introgressing population.

Discussion

The phenomenon of linkage disequilibrium in natural
populations has been studied in depth both theoretically
and empirically (Lewontin and Kojima 1960; O’Brien and
Maclntyre 1971; Nei and Li 1973; Brown 1975; Clegg
1984; Chakraborty and Smouse 1988; Chakraborty and
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Summary of results under model IIb. Values for a are the admixture frequencies maintained over generations 0-7 of the simulation.

Left panel, Results under test 1 for generation 9: at least one marker in significant ALD with X, under high stringency (P<.01). Right panel, Results
under test 2 for generation 9: at least two markers in significant ALD with X, under low stringency (P<.05). Error bars indicate the observed range of

values as 0 varies from 1 to 10 cM.

Weiss 1988; Weir 1990). Linkage disequilibrium originates
largely from one of four events in the natural history of
a population: (1) recent mutation, (2) founder effects, (3)
epistatic selection, and (4) admixture of genetically differ-
entiated populations. Linkage disequilibrium caused by
the first two factors tends to decay rapidly in panmictic
populations, except for that between tightly linked loci
(<1 cM). We note that between tightly linked genes link-
age disequilibrium has been a very powerful approach for
identifying human disease genes by using DNA markers
(Todd et al. 1988; Kerem et al. 1989; Hastbacka et al.
1992; Huntington’s Disease Collaborative Research
Group 1993). Several authors have made theoretical argu-
ments suggesting that recent admixture of genetically
differentiated populations (such as racial admixture of hu-
man populations in the New World in the past 4 centuries
by European explorers) would result in more extensive
linkage disequilibrium over large (<20 cM) genomic in-
tervals. We explore here the influence of genetic, genomic,
and population parameters (table 1) that affect the power
of MALD, by using computer simulations designed to ap-
proximate human populations and screens for disease loci,
particularly those requiring an environmental component
for phenotypic ascertainment (e.g., resistance to infectious
agents). Our results provide empirical guidelines for design

Table 7

of a genomewide disease-locus screen in admixed human
populations by using available DNA polymorphisms that
have divergent allele frequencies in different human popu-
lations (Dean et al. 1994 [in this issue]).

When gene flow resumes between genetically differen-
tiated populations, linkage disequilibrium between pairs
of homologous loci with different allele frequencies is pro-
duced as a function of 8 (eq. [1]), regardless of whether the
locus pairs are linked (Nei and Li 1973; Chakraborty and
Smouse 1988; Chakraborty and Weiss 1988; Briscoe et al.
1994). We show here that “gametic disequilibrium™ be-
tween unlinked loci decays in 2-4 generations, while that
between genes linked at distances <20 cM decays more
slowly. The detection of the differential persistence of
linkage disequilibrium between linked versus unlinked lo-
cus pairs forms the basis for linkage ascertainment using
MALD. To minimize the effects of “false-positives” due to
both gametic disequilibrium between unlinked genes and
occurrence of a few statistically significant departures
from expectation that would occur in large samples, we
impose two test criteria for an ascertainment: (1) set statis-
tical stringency at P < .01 and (2) track the incidence of at
least two adjacent loci in disequilibrium with the disease
locus X. In practice, disequilibria between a disease locus
X and markers throughout the genome would be esti-

Frequency (%) of False-Positives in Model lIb (Significant Linkage Disequilibrium between Markers A and D)

Low STRINGENCY (P<.05) FOR N =

HIGH STRINGENCY (P<.01) FOR N =

a 50 100 200 300 50 100 200 300
6.45 6.76 8.32 9.56 1.34 1.37 2.26 2.89
5.78 7.17 7.97 10.46 1.12 1.52 1.97 3.32
6.25 7.33 8.81 11.06 1.28 1.59 2.38 3.29
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mated; among all significant values, the best place to look
would be the marker(s) with the highest significance and/
or genomic regions where clusters of markers are in sig-
nificant disequilibrium with X.

As suggested by equation (1), 8, the difference in allele
frequency between populations, has a profound effect, not
only on the initiation of disequilibrium, but on its detect-
ability (figs. 6 and 7). This is true regardless of generation
tested, sample size taken, or test used for detection. Thus,
loci selected for MALD should be as differentiated as pos-
sible between the parent populations. In fact, when 8 falls
below .2, these markers (regardless of their heterozygosity)
are virtually uninformative, with detectability seldom
reaching 20% in the best of circumstances (fig. 7). The
maintenance of disequilibrium, and hence its detectability,
is controlled by three additional factors: recombination
(0), number of generations after admixture (g), and
whether disequilibrium is restored by continued contact
with one of the parental populations (#2;>0). In early gen-
erations, the distance from the disease locus X and flank-
ing markers (0) is inconsequential, but by the ninth gener-
ation following admixture (in the simple scenario of equal
admixture at generation 0, followed by panmixis and no
further immigration), the 0 value exerts a marked effect on
the detection of linkage disequilibrium (see “error bars” in
the left panel of fig. 7).

An increased sample size will also improve detectability
under most circumstances (fig. 7). However, there may be
a concomitant gain in false-positives (tables 5 and 7), espe-
cially if 8 is large and g is small. There does not appear to
be a tendency for the frequency of false-positives to in-
crease with increases in either 8 or sample size in later gen-
erations. Although enhanced detectability with increasing
sample size is reasonably general, increasing the sample size
cannot easily compensate for markers with low 8 values
(fig. 7; 6=.2).

A simulation model with a more realistic (for human
populations) scheme of continuous gene immigration over
several generations (fig. 8) did not appreciably alter any of
these conclusions. With the empirical adjustment to in-
clude only patients with parents and grandparents who
were themselves descendants of admixture (e.g., for Afri-
can Americans, exclude those with Caucasian parents and
grandparents), we strove to eliminate most of the “false-
positive” linkage disequilibrium of unlinked genes that de-
cays in two to four generations (fig. 4). With continuous
gradual admixture, we still see a profound effect of §, an
increased ascertainment with increasing sample size, a
modest effect of 0 in the context of our 20-cM marker
interval model (fig. 3), and a slight effect of the actual per-
generation value of a (fig. 8). The level of false-positives
shows an increase with increasing sample size but bears no
relationship with a (table 7). This increase is reduced to
2%-3% when high statistical stringency (P<.01) is im-
posed (table 7) and in any case is much lower than is seen

823

for generation 3 of the equal admixture (m,=.5; m;=0)
model Ila (see the upper-left panel of fig. 6). The simula-
tions of continuous admixture are admittedly simplistic in
the context of actual human histories, but the relative in-
sensitivity of MALD to vacillations in #7; or 0 levels gives
hope to the prospect of detecting marked disequilibrium
between linked genes in selected human populations.

From the presented results, we can now recommend
some limits on empirical patient cohort design for effica-
cious MALD. For an ideal situation, we suggest a collec-
tion of equally spaced markers at 10-20-cM intervals
throughout the human genome. The markers should have
maximum differentiation (3) between the parent popula-
tions, ideally 8 > .4. In the report that accompanies this
one, we list the distribution of 257 polymorphic markers
dispersed, on the average, at 10-20-cM intervals (Dean et
al. 1994 [in this issue]). The modal 8 value is .15 between
Caucasians and African Americans. This value is presum-
ably an underestimate of the actual 8 between Caucasians
and Africans (by ~30%), since we have measured the
modern African American population rather than the an-
cestral African population from which African Americans
are descended. Although an estimated 8 = .2 is lower than
ideal, there are >7,000 human polymorphic loci that could
be screened in humans; a collection of markers approach-
ing 8 = .4 could certainly be achieved (also see Roychoud-
hury and Nei 1988).

As listed in table 6, a cohort group of 300 patients
whose history included admixture in the past 15 genera-
tions (continuous or not) but not in the past few genera-
tions would be the best candidates for MALD. Under con-
ditions that show higher 8 or smaller 0, fewer patients
would be required, as illustrated in table 6, where (for
8=.4; N=200) the detection of linkage is 95%-98% in gen-
eration 3 and 56%-90% by generation 9 when the lower-
stringency criterion (P<.05) is used.

The models presented here are simple but emphasize the
power of using a human map of diallelic DNA markers
with MALD for detecting disease loci. There are certain
limitations, however, that can reduce the power of MALD
that merit discussion. First, all computations here assumed
codominant expression of marker and disease phenotype.
The effect of dominant and recessive modalities for disease
expression diminishes ascertainment in a manner that re-
quires further analysis (J. C. Stephens, unpublished infor-
mation). Second, quantitative traits that affect many he-
reditary diseases will produce reduced signals but may be
discernable under certain conditions. Third, the allele fre-
quencies for the disease gene must also be different (3,)
between the admixing populations for detection, and this
will vary between traits. Finally, the development of new
high-resolution polymorphisms such as microsatellite
polymorphism and SSCP adds enormous power to family
studies but will have a special effect on MALD, because of
multiple alleles and high mutation rates (Litt and Luty
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1989; Weber and May 1989; Poduslo et al. 1991; Weber
and Wong 1993). Each of these factors will have a measur-
able effect on MALD ascertainment, and their influence
will be the object of future analysis (J. C. Stephens, unpub-
lished information).
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